This study analyzed and described the sexual system of Exhippolysmata oplophoroides through the study of primary and secondary sexual characters at macroscopic and microscopic levels, to address the question of the existence of gonochorism or hermaphroditism in this species. The shrimps were collected in the Ubatuba region, São Paulo, Brazil. A total of 487 individuals were examined, sexed, and measured. They were dissected and their gonads were fixed, sectioned, and stained. All individuals had ovotestes, oviducts, ejaculatory ducts, appendices masculinae, and gonopores on the coxae of the fifth pereiopods. Female gonopores were found only in shrimp above 6.0 mm carapace length (CL). According to the characters studied, E. oplophoroides is a protandric simultaneous hermaphrodite with a male phase and a simultaneous hermaphrodite phase and these findings confirm some recent experimental evidence from mating pairs. The gonad of the male phase consisted of paired ovotestes with an undeveloped ovarian portion. In the hermaphroditic stage, most individuals had small appendices masculinae, both male and female gonopores, and ovotestes with vitellogenic oöcytes and spermatozoa. The present study is the first detailed morphological description of the sexual system of Exhippolysmata oplophoroides. Our results are discussed in the light of new findings.
INTRODUCTION
The sexual pattern has been studied in many species of Crustacea (Hazlett, 1975; Salmon, 1983; Bauer and Martin, 1991; Christy and Salmon, 1991, among others) . In Decapoda, the majority of species are gonochoristic, but sequential hermaphroditism has been recorded mainly in Caridea (Policansky, 1982; Bauer, 1986 Bauer, , 2000 Baeza and Bauer, 2004; Baeza, 2006 Baeza, , 2007 Zupo and Messina, 2006; Calado and Dinis, 2007) . In sequential hermaphroditism, an individual changes sex at a certain stage of its life cycle, and when the initial sex is male the condition is known as protandry (Bauer, 2000 (Bauer, , 2006 . Protandric hermaphrodites have been observed in some species of Decapoda including Caridea (Bauer, 2006 for review) . Of the 42 species of decapods known to present protandric hermaphroditism, 35 are carideans belonging to Campylonotidae, Crangonidae, Hippolytidae, Pandalidae, and Processidae (Fiedler, 1998 (Fiedler, , 2002 Bauer, 2000 Bauer, , 2004 .
This taxon presents high reproductive diversity (Correa and Thiel, 2003) including gonochoristic species and different types of hermaphroditism (Butler, 1980; Bauer, 1986 Bauer, , 2000 Bergström, 2000; Correa and Thiel, 2003) including protandric simultaneous hermaphroditism (Fielder, 1998; Bauer and Holt, 1998; Bauer and Newman, 2004; Udekem d' Acoz d', 2003; Rhyne and Lin, 2006; Bauer, 2006; Baeza and Anker, 2008) .
Hippolytidae includes several species that exhibit protandry, belonging to the genera Chorismus, Lysmata, and Thor (Sukumaran, 1981; Policansky, 1982; Bauer, 2004 Bauer, , 2006 . According to Sukumaran (1981) , Exhippolysmata ensirostris (Kemp, 1914 ) is a protandric species but Kagwade (1981) disagreed proposing that this species is a simultaneous hermaphrodite.
Detailed studies of the morphology and reproductive behavior of Lysmata wurdemanni (Gibbes, 1850) (Bauer and Holt, 1998) , L. amboinensis De Man, 1888 (Fiedler, 1998) and L. hochi Baeza and Anker, 2008 revealed that individuals that show the female external phenotype and incubating eggs are also capable of copulating as males. According to Bauer (2000) , when an individual of the male phase functions only as a male, and then it grows large enough to produce embryos, it begins the female phase and can function as a male as well as a female, being considered a protandric simultaneous hermaphrodite (PSH).
To characterize the sexual pattern in Caridea, most studies have focused on analysis of secondary sex characters such as the appendix masculina, the shape and presence or absence of an appendix interna or cincinnuli on the first pleopod, and the pleura of the pleon (Thessalou-Legaki, 1989; Bauer and Holt, 1998; Bauer and Newman, 2004; Cobos et al., 2005; Baeza and Anker, 2008; Terossi et al., 2008) . Other studies have also analyzed the morphology of the gonads (Hoffman, 1972; Bauer and Holt, 1998; Cobos et al., 2005; Zupo and Messina, 2006, Baeza and Anker, 2008) .
Studies performed with Lysmata have shown that both the demographic environment (Lin and Zhang, 2001; Bauer, 2002a; Baeza and Bauer, 2004; Calado and Dinis, 2007) and abiotic factors (Bauer, 2002b; Baldwin and Bauer, 2003) can modulate the hermaphroditism.
Among the few studies of the members of Exhippolysmata are those by Kagwade (1981) on the sexual pattern of E. ensirostris and those of Chacur and Negreiros-Fransozo (1998) , Fransozo et al. (2005) and Braga (2006) on certain aspects of the biology and ecology of E. oplophoroides (Holthuis, 1948) and the recent study by Laubenheimer and Rhyne (2008) about sexual systmen. This spiny shrimp occurs aggregated and in great abundance, principally in locations with large amounts of biodetritic fragments being the bottom temperature, the quantity of organic matter and the type of sediments the most important factors determining the spatial distribution of the species in Ubatuba Bay, Brasil (Braga, 2006) .
According to high variability of the sexual systems observed in the carideans shrimps and the limited results in Exhippolysmata, this study analyzed the primary and secondary sex characteristics of E. oplophoroides, emphasizing the macroscopic and microscopic morphology of the gonads, in order to confirm the sexual pattern observed by Braga (2006) and Laubenheimer and Rhyne (2008) .
MATERIALS AND METHODS
Shrimps were collected monthly between June 2005 and May 2006, from a fishing boat equipped with two double-rig trawl nets, in Ubatuba Bay on the northern coast of the state of São Paulo. All the shrimp collected, except the sample for histological analysis, were preserved in 10% formol until analysis. In the laboratory, each individual was measured with a caliper (0.01 mm) to assess the carapace length (CL), which is the distance from the posterior edge of the eye orbit to the middorsal posterior edge of the carapace. The presence or absence of cincinnuli (hooks) on the endopod of the first pleopod, the presence of spines on the appendix masculina of the second pleopod, and the openings of the female and male gonopores located on the bases of the third and fifth pereiopods, respectively, were noted. The cephalothorax of specimens was dissected under a stereomicroscope for analysis of the morphology of the gonad, oviducts, and vasa deferentia. Gonad color, size, and shape were recorded. The presence of eggs adhering to the pleopods was also noted. In all individuals, the ejaculatory duct was squashed in order to verify the presence of spermatozoa.
For the histological analysis, the gonads were removed, pre-fixed in Karnovsky's solution, dehydrated in an ascending sequence of ethyl alcohol and then the material was embedded in glycol methacrylate resin. After the resin polymerization, 3 lm sections were cut and stained with hematoxylineosin. The stages of gonadal development were identified by the presence of the different stages of spermatogenesis (spermatogonia, spermatocyte, spermatid, and spermatozoon) and oögenesis (oögonia, previtellogenic oöcyte, and vitellogenic oöcyte) according to the classification proposed by Bauer (1986) .
RESULTS
A total of 487 individuals were collected. All of them possessed appendices masculinae and male gonopores on the coxa of the fifth pair of pereiopods. Female gonopores were only recorded in shrimps larger than 6.0 mm CL. Appendices internae with cincinnuli were found on the endopods of pleopods 2-5; neither a separate appendix interna nor cincinnuli was found on the endopod of pleopod 1. According to the degree of gonad development macroscopically observed (size, color and shape), presence of oviducts and/or ejaculatory ducts as well as the variations in the proportion of cells in oögenesis and spermatogenesis, five gonadal stages were determined: I, II, III, IV and V (Table 1) .
Considering both macroscopic and microscopic features of gonad and secondary sexual characters, the male phase (MP) and the hermaphrodite phase (HP) in E. oplophoroides were recognized. The MP was defined by the presence of well-developed appendices masculinae, with many spines, and non-vitellogenic ovotestes. In MP shrimps, carapace length ranged from 3.5 to 8.8 mm ( " X: 7.4 6 1.2) mm. The hermaphrodite phase (HP) was defined by the presence of both male and female gonopores and vitellogenic ovotestes. Carapace length in HP individuals ranged from 7.6 to 15.5 mm; in HP shrimps bearing eggs, carapace length ranged from 8.8 to 15.5 mm ( " X: 11.3 6 1.2) mm. Hermaphrodite shrimps showed gonad in stages III, IV, and V and their appendices masculinae were smaller and with lesser spines than in the MP (Fig. 1) . In the larger HP (nearly 15 mm carapace length), the complete absence of spines was observed. Some transitional individuals were observed also. They were defined by the presence vitellogenic oöcytes in the gonads (stages III, IV and V), attached embryos, and well-developed appendices masculinae bearing spines. The size-frequency histogram is shown in Fig. 2 .
In the macroscopic analysis of the gonads, all individuals larger than 4.5 mm CL showed very distinct ovotestes, with an anterior ovarian part and a posterior testicular part. In individuals smaller than 4.5 mm CL it was not possible to observe the gonads, but in all collected shrimps, including those smaller than 4.5 mm CL and ovigerous females, both oviducts and sperm ducts were observed. The ovarian region is formed by two lobes, each with an oviduct that opens at the base of the third pair of pereiopods. In the testicular region, it was possible to observe two lobules with a lateral sperm duct in each of them that opens at the base of the fifth pair of pereiopods. Spermatozoa were recorded in the testes and in the ejaculatory duct of all analyzed shrimps (Figs. 3 and 4). The MP ovotestes were represented by stages I and II (Fig. 3) . In stage I, we observed the presence of mainly oögonia and a few previtellogenic oöcytes (Fig. 3A and 3E) . In stage II we included those individuals in the beginning of ovarian maturation, containing oögonia and a larger number of previtellogenic oöcytes ( Fig. 3B and 3F) . In both stages, we observed the presence of spermatogonia, spermatocytes, and some spermatozoa in the testicular region ( Fig. 3C and  3D ; Table 2 ).
We classified the ovotestes in HP into stages III, IV, and V (Fig. 4) . In the stage III, the ovotestes showed both the ovarian and the testicular zones well developed ( Fig. 4A and  4a) . The ovarian region contained some previtellogenic oöcytes, but it was mostly covered with vitellogenic oöcytes (Fig. 4a1) . The testicular region showed some spermatocytes and spermatozoa and a large quantity of spermatids (Fig. 4a2) . In the stage IV (Fig. 4B) , the ovotestes showed the ovarian region totally filled with mature oöcytes, and both types of mature gametes were ready to be released (Fig. 4b, 4b1 and 4b2 ). In the stage V (Fig. 4C ) the ovarian portion of the ovotestes showed many empty follicles, indicating an ovary in the process of rematuration (Fig. 4c  and 4c1 ). The testicular region was filled with spermatocytes and spermatozoa (Fig. 4c2) . Table 2 summarizes the primary and secondary sexual characters corresponding to each gonad stage.
DISCUSSION
The diversity of the caridean shrimps in marine, estuarine, and freshwater environments offers a great opportunity for studies of the evolution of hermaphroditism to gonochorism or vice versa (Baeza; Bauer, 2006; Baeza and Anker, 2008) . Thus, the analyses of gonad differentiation by histological and morphological studies, as well as the species socio-ecological attributes, are essential to understand these differences in sexual patterns occurring in the species in the same family.
The present study, for the first time, provides a macroscopic and microscopic description of the gonads of Exhippolysmata oplophoroides, which, besides the other secondary sexual characters, allowed determination of the type of hermaphroditism in this shrimp.
The evidence found in all individuals of different sizes such as an ovotestes with an anterior ovarian portion and a posterior testicular portion, the presence of ejaculatory duct and oviduct, appendix masculine and male gonopores, confirm that funcional simultaneous hermaphrodites occur in E. oplophoroides as proposed by Braga (2006) and discussed by Laubenheimer and Rhyne (2008) from mating experiments. As also observed in some species of Lysmata (Bauer, 2000; Bauer and Newman, 2004; Rhyne and Lin, 2006; Baeza and Anker, 2008) , smaller individuals of E. oplophoroides show the typical characteristics of a male caridean, including male gonopores, ejaculatory ducts, welldeveloped and setose appendix masculina, and an ovotestis with the testicular part larger than the ovarian part. These individuals are characterized as the male phase (sensu Bauer and Holt, 1998) . Larger shrimp, in addition to retaining these characteristics, possess female gonopores, paired oviduct, and the ovarian part of the ovotestis well developed. According to Bauer (2000) , the presence of these characters are indicative of the protandric simultaneous hermaphrodite (PSH) sexual pattern, in which individual matures first as a male and with increasing size it molts to a simultaneous hermaphrodite or ''euhermaphrodite'' (sensu Lin and Zhang, 2001 ) and can reproduce both as male and female without self-fertilization. Experimental approach done by Laubenheimer and Rhyne (2008) together with the studied characters addressed here, give strong evidences in favor of the PHS sexual pattern for E. oplophoroides.
The structure of the appendix masculina of E. oplophoroides was very distinct in the individuals of the male phase, once it was completely covered with spines. The individuals in the simultaneous hermaphrodite phase showed a smaller AM with lesser (or without) spines with increasing size. Similar results were also observed in L. californica (Stimpson, 1866) by Bauer and Newman (2004) . In the protandric hippolytid, T. manningi Chace, 1972 , during the male phase the individuals gradually loose their male characters and consequently, with the increase in size, the female sex characters (expansion of the pleopod flange and the differentiation of the gonad) appear to change completely to the female (Bauer, 1986) .
Transitional individuals of the E. oplophoroides were grouped with MPs. In relation to the appendix masculina form, they were intermediate between MP and HP and they presented well-developed appendices masculinae (like MPs) and ovotestes full of vitellogenic oöcytes (like HPs). Presumably, as found in L. wurdemanni (Bauer and Holt, 1998) and L. californica (Bauer and Newman, 2004) , these individuals change completely to HP and spawn at the next molt.
Through the macroscopic analysis of the gonads of E. oplophoroides, the presence of a gradient of color along the testicular and ovarian portions of the ovotestes indicating different degrees of gonad development was observed. Through histological analysis of the gonads, it was possible to confirm that this shrimp has an ovotestes in different phases of the oögenesis and spermatogenesis, which could be divided into five stages. In general, the ovarian portion containing vitellogenic oöcytes was present only in individuals of the simultaneous hermaphrodite phase, whereas the spermatozoa in the ejaculatory duct was detected in all individuals of different sizes, in agreement with the observations of Bauer and Holt (1998) , Fiedler (1998) , Bauer and Newman (2004) and Baeza and Anker (2008) in Lysmata.
Histological studies of the gonads of E. oplophoroides showed the presence, in larger individuals, of spermatozoa and vitellogenic oöcytes. According to this, smaller shrimps of E. oplophoroides would reproduce as males while larger shrimps would be capable of reproducing both as males and females as was observed in some species of the genus Lysmata. (Bundy, 1983; Bauer and Holt, 1998; Fiedler, 1998; Bauer and Newman, 2004; Rhyne and Lin, 2006; Baeza and Anker, 2008) . Kagwade (1981) , recorded the presence of ovotestes and male ducts in the female phase in E. ensirostris, and addressed the existence of simultaneous hermaphroditism in this shrimp. In general, based on the morphological characteristics and on macroscopic and microscopic analysis of the gonads, it can be inferred that E. oplophoroides shows hermaphroditism of the protandric simultaneous type, with MP (, 8.8 mm CL) and SH phase after 8.8 mm CL. The PSH observed in the present study is based in presence of the spermatozoa in all shrimps as was observed in L. wurdemanni (Bauer and Holt, 1998; Lin and Zhang, 2001 ). Bauer and Holt (1998) observed that shrimps in the female phase mate and spawn as females during the immediate post-molt period (a few hours) but can also mate as males within a few hours of their spawning molt and thereafter even though incubating embryos. Thus, if the criterion of sexual function is applied, one can infer that in the hermaphroditic phase, E. oplophoroides functions as a male as well as a female within one reproductive cycle.
The presence of hermaphrodites in a population raises the question of what is/are the factor(s) responsible for the selection of hermaphroditism. The size-advantage hypothesis was used by Charnov (1979) to explain the evolution of simple protandry in shrimps. Thus, for the protandric caridean shrimps, small individuals can produce spermatozoa and serve as males, and their small size may be advantageous in allowing them to escape the attention of predators (Bauer, 2000) . This hypothesis could be useful to explain the observed PHS in some species of Lysmata (Bauer and Holt, 1998; d'Udekem d' Acoz, 2003; Bauer and Newman, 2004; Rhyne and Lin, 2006; Baeza and Anker, 2008) , and in E. oplophoroides (Laubenheimer and Rhyne, 2008 ; present study) if PHS is considered as another form of protandry. However, the ''reasons'' to maintain sperm production after achieving sexual maturity as females have not been addressed.
For E. oplophoroides, few studies have been done on its socioecological attributes. However, according to Chacur and Negreiros-Fransozo (1998), Fransozo et al. (2005) , and Braga (2006) , this shrimp occurs aggregated and in great abundance being, in this way, similar to the aggregated species of Lysmata . Only a few species of Caridea have been shown to possess protandric simultaneous hermaphroditism (see Baerza and Anker, 2008 for review) but, until recently, all of them belong to the genus Lysmata. For the first time, the sexual system of E. oplophoroides has been studied considering both experimental (Laubenheimer and Rhyne, 2008) and morphological (this study) approach. Detailed analyses of neither social structure, nor experimental designs have been conducted to address abiotic and/ or social factors involved in the modulation of this unique sexual system in this species. More detailed studies of ecological and ethological studies of species of both genera would be relevant toward addressing the question of the evolution of social systems and its modulating factors within the complexity of the reproductive pattern in Caridea. Renováveis (IBAMA) for authorization to conduct the fieldwork and to the Departamento de Morfologia, UNESP, Botucatu, Brasil. We thank Dra Janet W. Reid and Prof. Erika Takagi Nunes for their great help with the english language. We would also like to thank Dr. Raymond Bauer and Dr. Antonio Baeza for their early comments to improve the manuscript and to the anonymous referees for their help. 
